Context: Colonization of the gastrointestinal tract with methanogenic archaea (methanogens) significantly affects host metabolism and weight gain in animal models, and breath methane is associated with a greater body mass index (BMI) among obese human subjects.
O besity constitutes a significant and rapidly increasing public health challenge and is associated with increased risks for coronary artery disease, hypertension, stroke, type 2 diabetes, certain cancers, and premature death (1, 2) . Elucidating mechanisms contributing to the development of obesity is central to defining preventive approaches. Research has begun to define the relationship between gut flora and metabolism (3) (4) (5) . Alterations in the relative abundance of Bacteroidetes and Firmicutes have been linked to changes in metabolism and weight increases both in mice (6) and humans (4) . Furthermore, cocolonization with the methanogenic archaea, Methanobrevibac-ter smithii, results in a greater weight gain in germ-free animals than infection with B thetaiotaomicron alone (7) .
A current hypothesis is that the role of M smithii in weight gain in animals is facilitative and involves syntrophic relationships with other microbes. M smithii produces methane as a byproduct of its hydrogen-requiring anaerobic metabolism. By scavenging hydrogen, M smithii allows for the increased productivity and metabolism of these syntropes, facilitating short-chain fatty acid (SCFA) production and enhancing the availability of calories to the host (8) .
M smithii is the predominant methanogen in the human gastrointestinal (GI) tract (9), and we have shown that methane on breath testing is associated with higher levels of M smithii in stool (10) . Furthermore, we recently showed that methane-positive obese subjects have an average 6.7 kg/m 2 greater body mass index (BMI) than methane-negative obese controls (11) . However, the relationship between methane, BMI, and body fat has not been evaluated in a general population cohort. Herein we present the first large-scale prospective human study to characterize the association with methane on breath test (as a surrogate of intestinal M smithii colonization) across a spectrum of ages, body weights, and BMIs.
Materials and Methods

Study population
Consecutive subjects presenting for lactulose breath testing were eligible for participation. Exclusion criteria were based on the ability to safely perform bioimpedance anthropometric measurements, and pregnant women and those with cardiac pacing/ defibrillation devices were excluded. All subjects provided informed consent prior to participating in the study. The study was approved by Institutional Review Board at Cedars-Sinai Medical Center (Los Angeles, California).
Questionnaire
Subjects completed a demographic and medical questionnaire and a bowel symptom questionnaire (12) rating their last 7 days of intestinal complaints (bloating, diarrhea, constipation, and abdominal pain) on a visual analog scale from 0 to 100 mm, 100 being the most severe.
Lactulose breath test
Subjects presented to the medical center, having fasted for 12 hours as described previously (13) . Breath samples were collected in a dual-bag system (Quintron Instrument Co, Milwaukee, Wisconsin). After an initial breath collection, subjects ingested 10 g of lactulose syrup and then 250 mL of water. Breath samples were collected every 15 minutes for 2 hours and analyzed using the Breathtracker gas chromatograph (Quintron Instrument Co). Outputs included hydrogen, methane, and carbon dioxide. Hydrogen and methane were corrected for carbon dioxide to standardize to alveolar gas levels and reported in parts per million (ppm). Subjects with methane 3 ppm or greater were considered methane positive, as described previously (13) . Subjects with hydrogen greater than 20 ppm at or before 90 minutes during the test were considered hydrogen positive.
Anthropometrics
Bioimpedance testing was performed using the InBody scale (Biospace Co, Ltd, Seoul, Korea), which has been validated in other studies (12) . BMI and percent body fat were determined based on height (measured via stadiometer) and electrical conductance.
Outcome measures
Subjects were divided into 4 groups: normal (N) (Ͻ3 ppm methane and Ͻ 20 ppm hydrogen at or before 90 minutes); hydrogen positive only (Hϩ) (Ͻ3 ppm methane and hydrogen Ն 20 ppm at or before 90 minutes); methane positive only (Mϩ) (methane Ն 3 ppm and hydrogen Ͻ 20 ppm at or before 90 minutes); and methane and hydrogen positive (Mϩ/Hϩ) (methane Ն 3 ppm and hydrogen Ն 20 ppm at or before 90 minutes). Primary outcome measures were BMI and percent body fat, and primary analyses compared these measures across the 4 groups.
Data and statistical analysis
Age was compared across the groups by ANOVA and then Dunnett's post hoc test and gender by the Fisher exact test. Visual analog scale scores were compared across the groups by the Kruskal-Wallis test because of nonnormality. BMI and percent body fat were analyzed by analysis of covariance (ANCOVA) models. The initial ANCOVA models were 2-way factorial models (sex at 2 levels and group at 4 levels) with age as a covariate. Because the gender-by-group interaction was not significant (P ϭ .28 for BMI and P ϭ .37 for percent body fat), the interaction term was dropped in the ANCOVA model for each outcome. Age was significant and was retained in each model. Least squares (adjusted) means were used to compare the Hϩ/Mϩ group to each of the other 3 groups. A 2-sided significance level of P ϭ .05 was used throughout. SAS version 9.2 (SAS Institute, Cary, North Carolina) was used for statistical calculations. 
Discussion
In this study, we demonstrate clear associations between the presence of both methane and hydrogen on breath testing and increased BMI as well as increased percent body fat in an analysis of nearly 800 subjects. This study is the first of its kind to identify the production of methane and hydrogen as an indicator of higher BMI and fat content in human subjects.
Obesity is a public health problem and is undoubtedly multifactorial. Dysregulations are seen in multiple areas of energy intake, expenditure, and storage. There is growing interest in the potential role of gut flora in the pathogenesis of obesity. Research by Gordon, Bäckhed, and others (3-7) have shown an intriguing relationship between microbial flora and weight gain in mouse models, including an association between alterations in the relative abundance of Firmicutes vs Bacteroidetes in the gut and potentially enhanced nutritional harvest (3). Intestinal flora have been implicated in many mechanisms that may contribute to weight gain, including enhanced lipopolysaccharide production leading to insulin resistance (5), suppression of fasting-induced adipose factor (14) , suppression of AMP-activated protein kinase-driven fatty acid oxidation in the liver (15), incretin regulation (16), and increased SCFA production and absorption, thereby providing increased lipogenic substrates to the host (17) . Increased methanogens have also been observed in the cecal flora of Ob/Ob mice (3). We believe that this largescale human study may support a role for methanogens, and specifically M smithii, in human obesity.
The human GI tract is colonized by up to 10 12 microbial species, including bacteria and archaea, of which M smithii is the most abundant methane-producing organism (9) . We have shown that methane-positive individuals Data are expressed as mean Ϯ SD. a P value is for comparison of differences among the 4 groups.
have M smithii in the GI tract, that increased methane on breath testing is associated with higher levels of M smithii in stool in subjects with irritable bowel syndrome (IBS) (10) , and that methane-positive obese subjects have an average 6.7 kg/m 2 greater BMI than methane-negative obese controls (11) . Although M smithii was originally thought to inhabit only the large bowel, weakening the likelihood that it could play a significant role in caloric harvest and weight gain, we recently showed using a rat model that M smithii colonization in fact occurs throughout the small intestine (18) . Importantly, the number of bowel segments colonized with M smithii was directly related to the degree of weight gain in this rat model and was further enhanced in the presence of a high-fat diet (18) .
A current hypothesis is that the role of M smithii in weight gain in animals is facilitative and involves a syntrophic relationship with other microbes, whereby M smithii scavenges hydrogen produced by syntrophic organisms for its hydrogen-requiring anaerobic metabolism, producing methane as a byproduct. This scavenging of hydrogen allows the syntrophic organisms to be more productive, increasing SCFA production and availability of calories for the host (8) . Our results may support this hypothesis as the presence of both hydrogen and methane on breath test, but not either methane or hydrogen alone, is associated with higher BMI and percent body fat, perhaps because these subjects have an abundance of hydrogen to fuel methane production.
In addition, methane itself (in gaseous form as generated by intestinal methanogens) could also contribute to enhanced energy harvest. We previously noted an association between breath methane and constipation (constipation-predominant irritable bowel syndrome) in human subjects (13) and, using an in vivo animal model, demonstrated that methane gas directly slows transit in the gut by 59% (19) . We hypothesize that the slowing of transit could result in greater time to harvest nutrients and absorb calories, representing another potential mechanism for weight gain.
Although the mean age of the methane producers was higher than that of the controls, the results retained significance, even when controlling for age as a confounding variable. Furthermore, there is currently no evidence to suggest that methane production increases with age but rather plateaus in adulthood (20) , making it unlikely that age could affect the study findings. Diet may affect overall intestinal flora and M smithii levels in animal models (18) . Our study does not account for dietary differences among subjects. However, given the large sample size, these individual variations may be mitigated between groups. Similarly, the study population consisted of individuals presenting for lactulose breath testing and may differ from the general population. In addition, differences in race and ethnicity were not addressed in this study. These factors may play a role in host/microbial relationships and should be explored in future studies.
In summary, this study demonstrates for the first time that individuals with both methane and hydrogen on breath test have higher BMIs and percent body fat. We hypothesize that this is due to excessive colonization with the hydrogen-requiring methanogen M smithii, which enhances energy harvest and delivery of nutrients to the host organism through syntrophic relationships with other microbes. Further work is needed to define the effects of GI flora on human metabolism and to further elucidate the roles of M smithii and methane in the growing obesity epidemic.
